Abstract: Worldwide, the access to safe drinking water is a huge problem. In fact, the number of persons without safe drinking water is increasing, even though it is an essential ingredient for human health and development. The enormity of the problem also makes it a critical environmental and public health issue. Therefore, there is a critical need for easy-to-use, compact and sensitive techniques for water quality monitoring. Raman spectroscopy has been a very powerful technique to characterize chemical composition and has been applied to many areas, including chemistry, food, material science or pharmaceuticals. The development of advanced Raman techniques and improvements in instrumentation, has significantly improved the performance of modern Raman spectrometers so that it can now be used for detection of low concentrations of chemicals such as in-line monitoring of chemical and pharmaceutical contaminants in water. This paper briefly introduces the fundamentals of Raman spectroscopy, reviews the development of Raman instrumentations and discusses advanced and potential Raman techniques for in-line water quality monitoring.
Introduction
Water is essential to our health and well-being, and it is also crucial to the sustainable development of human society. However, the quality of drinkable water worldwide is under severe stress due to a wide range of natural and human activities, including the discharge of toxic chemicals from industry, nitrate and pesticide contamination in agriculture, and long distance atmospheric transport of pollutants [1] . For purpose of water safety, the monitoring of water contaminants is of great importance. The US Environmental Protection Agency (EPA) has set the maximum contamination level (MCL) for most of the contaminants in drinking water, including the microorganisms, disinfectants, disinfection by-products, inorganic chemicals, organic chemicals and radionuclides. The MCL determines the limit of detection of most water monitoring techniques.
Water quality can be characterized by concentrations of microbiological, organic and inorganic contaminants, or by some of the physical characteristics including pH, temperature or turbidity [2] . Various commercial instruments have been used to detect different water quality indicators. For example, a TOC (total organic carbon) analyzer is used for total organic carbon measurement. Gas chromatography and enzyme-based systems are able to detect chemical contaminants and immunoassays, respectively. Flow cytometry has been used for the detection of microbial contaminants. A detailed review of different detection systems can be found in [3] .
Most of the analyses methods described above are laboratory based and require skilled personnel for their operation. Therefore, they are expensive to perform and require transportation of the sample to the laboratory. These factors result in a delay in response to contamination events, which is detrimental to water safety and public health. Thus, there is a growing and urgent need for a robust, low-cost, continuous, fast and accurate on-site detection system.
In the past decades, high speed detection systems for in-line water monitoring have attracted lots of interest in industry and academia, and many advanced water detection systems are commercially available to measure various water quality indicators [3] . Among them, vibrational spectroscopy has been extensively studied because of its non-contact, non-invasive sampling, minimum sample preparation and rapid detection of chemical and microbial contaminants, which are the most common contaminants in water [2, 4] . Table 1 lists some of the water contaminants that can be measured by the vibrational spectroscopy and the MCL set by EPA [5] .
Vibrational spectroscopy refers to measurement of the vibrational energy levels in a molecule which are associated with its chemical bonds. The vibrational spectrum is rich in chemical composition information of the sample, so it has been applied for chemical analysis, such as water quality, material science and probing physical states. Infrared (IR) and Raman Spectroscopy are the two most commonly used vibration spectroscopy techniques for chemical and biological analysis. Within IR spectroscopy, the middle infrared (MIR 2.5-16 µm) spectroscopy is the most developed technique for molecule structure analysis, since most fundamental transitions occur at MIR. However, due to the strong light absorption of water in MIR, special care is usually taken when measuring liquid samples. For instance, the thickness of sample holder for liquid samples is usually in the range of micrometers to ensure that a strong enough signal is obtained. Alternatively, attenuated total reflection (ATR) method is used to strengthen the interaction between the IR signal and liquid sample [6] . Finally, some pre-concentration techniques have also been used to enhance the absorption signal [7] . Table 1 . List of water contaminants and the maximum contamination level (MCL) set by the US Environmental Protection Agency (EPA).
The near infrared (NIR) spectroscopy covers the transition from 780 to 2526 nm. Different from the MIR spectroscopy, the NIR spectroscopy originates from the overtones and combinations of fundamental vibrations [8] . Since water absorption in the NIR is weaker than in the MIR, NIR is more suitable for direct measurement of liquid samples. However, the overlapping and weak intensity of the absorption bands make the NIR spectrum quite difficult to analyze, and multivariate techniques such as principal component analysis and partial least squares regression [2] are used for NIR spectra analysis. Although NIR spectroscopy is not as well-established as MIR spectroscopy, it is increasingly considered as a promising technique to detect inorganic materials [9, 10] .
Since water is a weak Raman scatterer, Raman spectroscopy is superior to other vibrational spectroscopies particularly in some applications such as biomedical diagnosis, tissue imaging [11] [12] [13] and monitoring of liquid samples. Raman spectroscopy was first used in 1970 to detect organic contaminants in water [14] . However, because of the lower Raman scattering efficiency, strong fluorescence interference and lack of sensitive instruments, it was not widely investigated before the 1980s. With the development of high detection efficiency, low noise, silicon based detector arrays, stable and high power laser diodes, high throughput and high resolution spectrometers, Raman spectroscopy has achieved tremendous progress since the late 1980s [15] . In addition to improved hardware, the advent of advanced Raman techniques such as surface enhanced Raman spectroscopy, the limit of detection has been dramatically improved thus making this technique suitable for monitoring chemical contaminants in water.
In this paper, we introduce the basic principle of Raman spectroscopy. Then, a detailed review of the development of its instrumentation is given. Next, the most promising Raman techniques for the detection of water contaminants are discussed. Finally, conclusions and future trends in Raman spectroscopy are provided.
Raman Spectroscopy

Scattering
Raman scattering originates from the interaction between incident electromagnetic radiation and molecular vibration. According to classical theory, when a molecule is illuminated or placed in an electric field E defined as 0 0
, an electric dipole moment P is induced,
α is the polarizability. Considering only lower order Raman scattering, then since molecular vibrations are composed of several normal modes, it can be written as,
where Q is the normal coordinates of the various vibration modes and can be expressed as, 0 cos 2πν
This dipole moment leads to scattering of the incident light. The first term in Equation (3) with the same frequency as the incident light is usually called Rayleigh scattering. The rest of the terms in Equation (3) have frequencies above and below the original frequency ( 0 ν ν i  , 0 ν ν i  ), and are called anti-Stokes and Stokes Raman scattering respectively. Since the magnitude of α0 is larger than
, the intensity of the Rayleigh scattering is much stronger than the Stokes and anti-Stokes Raman scattering. For instance, out of every 10 10 incident photons only one generates a Raman photon [16] , which gives rise to a very low Raman scattering efficiency. Furthermore, Raman scattering only occurs when
 , which means that a vibration mode is Raman active only if the polarizability changes during vibration, and this is known as the selection rule of Raman scattering.
In Figure 1 , the energy level diagram of IR absorption, the scattering and fluorescence processes are shown. For a normal Raman scattering process, a molecule is excited from its ground state (E0) to a virtual state when illuminated by incident radiation such as a laser. Since a virtual state is not a stationary quantized energy level and does not correspond to any eigenvalue, it will decay very fast with the emission of a photon [15] . For Stokes Raman scattering, the initial state of a molecule is the lowest vibrational state of the ground state (E0, v = 0). In contrast, the anti-Stokes Raman scattering starts from the higher vibrational energy level (E0, v = 1) of the ground state. According to the Maxwell-Boltzmann distribution law, the population of molecules at v = 0 is higher than that at v = 1, so the Stokes Raman scattering is stronger than the anti-Stokes Raman scattering under normal conditions [17] . Hence, the Stokes spectrum is mainly measured in most commercial Raman spectrometers. 
Anti-Stokes
Although the Raman scattering efficiency is very low, if the excitation frequency is close to the frequency of an electronic transition, then scattering enhancements of up to 10 6 can be achieved [18] . This effect is termed the Resonance Raman scattering, shown in Figure 1 . Since the electronic transition frequencies vary among different chemicals, then ideally, a tunable laser is required for Resonance Raman spectroscopy.
The fluorescence emission process is also depicted in Figure 1 . In this process, a molecule is excited from the ground state (E0) to one of the vibrational states in the electronic excited state (E1). Through vibrational relaxation, the molecule relaxes back to the lowest excited state by losing excess energy as heat. Then, the molecule transitions from the lowest excited state to one of the vibrational states in the ground state with the emission of a photon. The energy of the emitted photon is lower than that of the incident photon because of the energy loss during vibrational relaxation, and this is also called red shift.
The fluorescence emission spectrum is broad band covering the same wavelength band as the Stokes Raman signal. Since the cross section for fluorescence is larger than for Raman scattering, then detection of Raman scattering is very difficult when strong fluorescence emission is present. To suppress or remove the fluorescence background, various techniques have been used. For instance, it is possible to obtain a fluorescence-free Raman spectrum by using a NIR source. Alternatively, since fluorescence emission is red shifted, the anti-Stokes Raman signal does not overlap with the fluorescence emission. Thus it can be measured and is used in a technique called coherent anti-Stokes Raman spectroscopy (CARS) [19] . Table 2 lists some of the features, instrumentations and applications of the optical processes depicted in Figure 1 . 
Raman Scattering Intensity
A Raman spectrometer measures the intensity of the Raman signal (Stokes or anti-Stokes) and plots the Raman signal intensity versus the frequency shift of the Raman signal relative to the excitation source, which is known as the Raman shift. As can be seen in Figure 1 , both Raman shift and IR absorption are related to the fundamental vibrational modes. Since most of the fundamental transitions occur at MIR, MIR sources are mainly used for absorption spectroscopy. Unlike absorption spectroscopy, sources varying from the ultraviolet (UV) to visible or even NIR regions are capable of Raman scattering excitation. The intensity of Raman signal IR is wavelength dependent and can be expressed as [15, 16] ,
where N refers to the number density of molecules, and I0 is the intensity of the excitation source. The Raman signal intensity IR in Equation (4) is 4th power dependent on the excitation frequency. To achieve high Raman scattering efficiency, high frequency or short wavelength excitations, such as UV source, are usually preferred. However, most of the modern Raman instruments are equipped with a NIR source or a visible source. UV sources are rarely used due to the unavailability of low cost UV lasers. In addition, the use of UV or even visible sources excitation would induce a fluorescence signal, which is stronger and could potentially overwhelm the Raman signal.
Instrumentation
Instrumentation for the measurement of Raman spectra consists of four components, namely: excitation source; illumination and light collection optics; wavelength selector unit; and the detector. As shown in Figure 2 , there are basically two types of light collection systems-90° and 180° configurations [17] . In the 90° degree configuration, the scattering light is collected from the direction perpendicular to the excitation direction. The 90° configuration is easier to setup and is mainly used in the macro-Raman experiments. In contrast, the scattering signal is collected in the direction opposite to the excitation direction in the 180° configuration, which is also termed back scattering. Additional optics is required in the 180° configuration, such as the use of the dichroic mirror, which reflects the longer wavelength scattering signal and transmits the short wavelength excitation signal. As can be seen in Figure 2 , besides the light collection system, the other three major elements in a Raman spectrometer are the excitation source, wavelength selector and detector. These major elements will be discussed in the subsections below.
Excitation Source
The excitation source plays an important role in the performance of a Raman spectrometer, including its sensitivity and stability. Two important parameters of the excitation source are its bandwidth and power. As mentioned above, the frequency shift between the Raman signal and the excitation signal is related to the fundamental vibrational frequency of a molecule. Therefore, a narrow bandwidth or a highly monochromatic beam with high power is preferred for stability and high enough intensity of the Raman spectrum.
Raman spectroscopy was a niche technique in the 1940s and 1950s primarily due to the lack of powerful excitation sources. Initially, a mercury lamp with filters that transmitted a narrow wavelength band was used as the excitation source, but it was very weak. Raman spectroscopy gained mainstream significance with the advent of lasers in the 1960s. A continuous HeNe red wavelength source was first used as a Raman source in 1963 [20] . The development of gas lasers such as Argon and Krypton lasers in the 1970s, drove the application of Raman spectroscopy in the visible and UV regions. In the 1980s, the advent of solid state lasers (YAG laser, 1064 nm) boosted the application of NIR Raman spectroscopy. A typical technique is Fourier Transform (FT) Raman spectroscopy [21, 22] , by which fluorescence free spectra can be obtained, because the energy of a photon from the NIR region has less probability to excite the molecule from the ground state to the excited electronic state and then emit a fluorescence signal. In many modern continuous wave or time-resolved Raman spectrometers, diode lasers are also used to provide excitation from blue to the NIR regions.
Generally, the excitation source is selected according to the specific application. This is because the excitation bands of most fluorophores are in UV or visible wavelength regions. Therefore, excitation from a longer wavelength, such as in the NIR region, reduces the probability to excite fluorescence signals because of the lower photon energy. Since natural fluorophores exist in most biological samples, then NIR lasers are used in either dispersive or FT-Raman spectrometers for characterization of the biological samples. Furthermore, using lower frequency and power can also avoid damage to the samples. However, since the Raman signal intensity in NIR is relatively low compared to lower wavelength spectrometers, then NIR Raman spectrometers have to be equipped with expensive and sophisticated detectors. In contrast, visible lasers can be used for non-biological applications, such as in nanotechnology or solid state physics. The 532 nm solid state laser and 514 nm ion laser are widely used for measurements of inorganic samples. Advantages of visible excitation are the higher signal-to-noise ratio and better sensitivity. In cases when both fluorescence rejection and high sensitivity are required, a compromise is made between these two factors. The most commonly used source for biological samples is the 785 nm laser, which not only provides some fluorescence rejection, but also works well with the silicon-based detectors [23] [24] [25] . In Table 3 , commonly used lasers and their applications are provided. 
Wavelength Selector
The wavelength selector is the most critical component in a Raman spectrometer, through which the intensity information of individual frequencies is extracted. There are basically two types of wavelength selection mechanisms, dispersive and non-dispersive. A dispersive spectrometer relies on e dispersive components to separate light spatially according to the wavelength, such as the diffraction grating and prism. For the non-dispersive spectrometer, light can be selected either by an optical filter or by an interferometer, such as the FT-Raman spectrometer.
Dispersive Raman Spectrometer
The basic components of a dispersive spectrometer are the entrance slit, collimating mirror, diffraction grating, focusing mirror, and exit slit. The light enters the spectrometer through the entrance slit, passing by the collimating mirror, then the light is collimated and directed to the diffraction grating. After separation, the diffraction beam from the grating is focused to the exit slit by the focusing mirror. The two parameters of great importance to a spectrometer are wavelength range and spectral resolution, both of which are related to the dispersion property of the diffraction grating. For Raman spectroscopy applications, the wavelength range can be selected according to the excitation wavelength and the Raman shift of the target sample. High spectral resolution is preferred for purposes of resolving the weak Raman peaks.
In addition to the wavelength range and spectral resolution, the other issue of importance is the quality of the Raman spectrum measured. As discussed above, the scattering efficiency of normal Raman scattering is very low, while the intensity of Rayleigh scattering is in the order of 10 4 -10 6 times higher than the intensity of normal Raman scattering [16] . In case the target Raman line is very close to the laser wavelength, the intensity of stray light from the Rayleigh scattering can easily exceed the intensity of Raman line and dominate its spectrum. To efficiently detect the Raman signal, the Rayleigh line should be first rejected or attenuated, and this is known as stray light rejection in a spectrometer.
Both edge filters and notch filters have been used for Rayleigh light attenuation and rejection in a single stage monochromator. In addition, Rayleigh light rejection can also be achieved by using a multistage monochromator, which was widely used in earlier dispersive Raman spectrometers [26] . In case of double monochromators, the dispersion caused by the second monochromator can be added or subtracted from the dispersion of the first monochromator, so there are additive and subtractive double monochromators. Figure 3 shows the simplified diagram of an additive double monochromator. As demonstrated in Figure 3 , the rejection of Rayleigh light in a multistage monochromator is realized by using intermediate slits to block some of the unwanted wavelength band. A triple monochromator has higher Rayleigh rejection than a double monochromator. Although the multistage monochromator achieves high stray-light rejection and permits the measurement of Raman signals very close to the laser wavelength, this is compromised by the large size, complex configuration, high cost and loss of throughput. It was reported that the throughput of a triple monochromator is in the range of 3%-10%, compared to 30%-50% for a single monochromator [27] .
The development of holographic notch filters and other edge filters has significantly simplified the instrumentation of a Raman spectrometer [28] . Most of the commercial spectrometers are equipped with single stage grating and filters for Rayleigh light attenuation and rejection. Compact size and low cost make the use of these spectrometers a promising technique for onsite application, and micro-spectrometers have been actively researched in academia in the past decade. Thus, double or triple monochromators are mainly limited to situations, such as in laboratory use where strong stray light rejection is required, or when the laser excitation is tuned.
Commercial Raman spectrometers are usually equipped with sophisticated but macro scale components. These spectrometers provide high spectral resolution and throughput, but are expensive. A number of efforts have been made to miniaturize the spectrometers to enable their field usage. For instance, various configurations such as single or double planar gratings [29] , single mirror [30] or double mirrors have been proposed for system miniaturization. In addition, various grating designs have been investigated to optimize diffraction efficiency and spectrum resolution [31] . In past decades, different types of gratings (planar, concave, constant or varied line space gratings) were designed for micro-spectrometers.
In addition to the conventional mechanical ruling method, other advanced grating fabrication technologies have been used for gratings applied for different wavelength regions. For example, photolithography has been used to fabricate gratings with larger than 1 µm pitch, the holographic method is used for smaller pitch and aberration corrected gratings [32] , and UV nano-imprint lithography [33] or deep X-ray lithography has been used to fabricate concave gratings [34] . Table 4 lists some of the micro-spectrometer designs proposed in the past decade. According to the specifications in Table 4 , sub-nanometer spectral resolution is achievable in millimeter-sized spectrometers, which is important for resolving narrow Raman peaks. 
. FT-Raman Spectrometer
Although the feasibility of FT-Raman was demonstrated as early as 1964 [38] , due to technology limitations, the first realization of FT-Raman instrumentation was in 1986 [21] . Different from the dispersive Raman spectrometer, a FT-Raman spectrometer mainly consists of an interferometer. The measured signal is the interferogram in time domain, and the Raman spectrum can be obtained by the Fourier transformation of the interferogram. Figure 4 shows a block diagram of a FT-Raman spectrometer based on a Michelson interferometer. The excitation source from a NIR laser is directed to the sample through an optical mirror and lens, which also collects the scattered signals (Rayleigh and Raman) from the sample. The dichroic mirror transmits the short wavelength Rayleigh scattering signal and reflects the longer wavelength Raman scattering signal to a beam splitter. Through the beam splitter, half of the Raman signal is transmitted to a fixed mirror and half is reflected to a moving mirror. Because of the optical path difference caused by the moving mirror, the two beams reflected from the two mirrors undergo constructive and destructive interference, determined by the travel range of the moving mirror. Finally, the signal with all frequencies is registered on the detector simultaneously and the interferogram can be obtained from the detector.
Like the dispersive Raman spectrometer, the spectral resolution is significant for a FT-Raman spectrometer. Spectral resolution (Δλ) of the FT-Raman spectrometer is determined by the maximum travel range (Δxmax) of the moving mirror [16] , which can be written as
If the maximum travel range of the moving mirror is 1 cm, then the spectral resolution of the spectrometer is 1 cm . Generally, according to the target sample, different spectral resolutions can be selected in a commercial FT-Raman spectrometer. The second parameter of importance is the wavelength range, and it is related to the type of material of the beam splitter. In addition, the cut-off wavelength of the NIR detector also determines the wavelength range, and this will be discussed later. Two types of noise exist in the FT-Raman spectrometer, including the detector noise and the short noise of the incoming photon. In the case of detector noise limited operation, the detection mechanism improves the signal-to-noise ratio, since the interferogram contains the detector noise only once; this is known as the multiplex advantage [39] . However, under shot noise limited operation, the shot noise is equal to the square root of the mean value of the events N, calculated by Equation (6) .
Since shot noise from all of the multiplexed wavelengths would be detected simultaneously, the shot noise from both the strong band (Rayleigh or fluorescence) and the weak Raman band is spread into the entire wavelength band. It reduces the signal-to-noise ratio of the Raman signal and gives rise to the multiplex disadvantage of the FT-Raman spectrometer. Therefore, filters are used in the FT-Raman spectrometer to attenuate the strong Rayleigh band before detection.
Compared with the dispersive Raman spectrometer, the FT-Raman spectrometer has a higher throughput, excellent frequency accuracy and precision, and higher resolution. Moreover, owing to the use of a NIR excitation source (1064 nm), fluorescence emission is efficiently suppressed. However, the use of a longer wavelength excitation source has its limitations. First of all, NIR absorption spectroscopy occurs in this region, which attenuates the incident light. Second, the Raman cross-section, which is an equivalent parameter to the absorption coefficient in IR absorption spectroscopy, is proportional to the 4th power of the incident frequency. As a consequence, Raman scattering efficiency in the longer wavelength (NIR) region is lower than that in the short wavelength (visible) region. The lower Raman scattering efficiency limits the sensitivity of the FT-Raman spectrometer, which is important in applications such as that to detect water contaminants. Therefore, FT-Raman spectrometers are mainly used when samples fluoresce, such as in forensic analysis [40] and pharmaceutical applications [41] .
Detection
Because of the low Raman scattering efficiency, detection of the Raman signal is very challenging, and the detector should be sensitive. The detectors exploit the photoelectric effect which uses the incoming light energy to generate charge carriers that are separated and can subsequently be measured as a current at the terminals. Two key parameters associated with a detector are the quantum efficiency (QE) and the noise. QE defines the efficiency of a detector to convert optical photons to free charges and noise refers to the dark current caused by the thermal generated charge carriers. Accordingly, to observe the weak Raman signal, the detector should have high QE in the related wavelength band, low noise level and high dynamic range. To date, several types of detectors have been successfully used in Raman spectrometers, and most of them are discussed in the following subsections.
Photomultiplier Tubes (PMT)
A PMT consists of a photocathode, series of dynodes and an anode. Photons incident on the cathode generate electrons due to the photoelectric effect. These electrons are accelerated in a high electric field between the cathode and the adjacent dynode. The accelerated electron impinges on the dynode generating additional electrons due to secondary emission. A cascade of such dynode structures quickly amplifies the number of electrons which generates a large current pulse when it impinges on the anode.
Because of their high gain, PMT can detect even a single photon and thus normally works in the photon counting mode.
In comparison with other types of detectors, the advantages of PMTs are their high gain, low noise level, and short transit time. Modern PMTs have gain of above 10 5 , dark current in the range of nA, and transit time is in range of nanoseconds [42] . Their main disadvantage is that high operating voltage is required for the high gain. The operation voltage in typical commercial PMTs [43] is above 1000 V. The QE of PMTs in the visible to NIR range is below 40% [43] and is lower than commercial charge coupled detectors (CCDs). Because of their large active region (~10 mm), PMTs are mainly used for single channel detection, and continuous wavelength measurement is realized by scanning the gratings to adjust the output wavelengths. PMTs were widely used in dispersive Raman spectrometers before the 1980s because of their high QE and low dark current. However, with the advent of high QE multichannel detectors (CCDs) in the 1980s, PMT is used less in modern Raman spectrometers.
Charge Coupled Devices (CCDs)
The CCDs consist of a large matrix of pixel elements, the fundamental structure of which is a metal-oxide-semiconductor diode on a thin silicon substrate [44, 45] . A polysilicon gate is deposited on top of each pixel, and an external bias is applied to the gate to control the potential of the region beneath the gate. By applying different biases (reverse bias and zero), an individual pixel is isolated from the neighboring pixels because of the insulating barriers (potential well shown in Figure 5 ). For pixels that are reverse-biased, depletion regions are formed, and charges are held and stored within the potential well up to the full well when illumination is applied. In contrast, those zero-biased pixels are transparent to the incoming photons. The number of charges generated is proportional to the intensity of the incident light flux, and the full well capacity determines the maximum light intensity that can be detected. By adjusting the bias, carriers stored in the potential well can be transferred to the output of the detector. The active region of a CCD is ~10 µm, which is preferred for the multichannel detection system. The multichannel detection allows the detection of multi wavelengths simultaneously. It is beneficial to reduce the integration time and the risk to damage samples if using a long time exposure. The QE of CCD is determined by the width of the depletion region and the energy of incident photons. Mainstream CCDs are silicon-based and have a peak QE of above 90% and the maximum detectable wavelength is ~1100 nm (due to the band gap of silicon −1.12 eV). Hence, CCDs have become the mainstream detectors for commercial multichannel spectrometers (Horiba Jobin Yvon, Kyoto, Japan) in the visible region. However, the QE of most standard silicon based CCDs is limited by the available width of the depletion region which decreases rapidly beyond 900 nm.
The Raman shifts of most bacterial substances and chemicals are between 500 and 3000 cm −1 [46, 47] . The corresponding Stokes Raman signals under 785 nm excitation are between 817 and 1026 nm, which covers the lower quantum efficiency region of standard CCDs. To measure the full Raman spectrum, novel designs have been implemented in modern advanced CCDs, by modifying either the position or width of the depletion region. Deep depletion and back illumination are the two typical techniques used in industry to increase the QE at longer wavelengths (Princeton Instruments, Andor Technology) [48] . Moreover, other techniques have also been developed to increase the detection efficiency for ultra-low light level detection, including the intensified CCD (ICCD) and Electron-Multiplying CCD (EMCCD). With respect to noise, thermal generation is the main source of the dark current [49] . Hence, cooling is the most direct and efficient way used in commercial CCDs to reduce noise [44, 45, 49] . Many methods such as cryogenic cooling with liquid nitrogen and thermoelectric cooling have been used.
Silicon Avalanche Photodiode
The silicon-based avalanche photodiode (APD) is a PN junction working in the reverse-biased mode [50, 51] . When incident photons are absorbed, electron-hole pairs are generated in the depletion region and multiplied through the avalanche multiplication process. APDs are highly sensitive detectors with internal gain, although their gain is lower than PMTs. Similar to CCDs, the lower QE of the photodiodes at longer wavelengths is determined by the band gap of silicon. Increasing the width of the depletion region or using a different material with a narrow band gap can improve the detection efficiency in longer wavelength. Figure 6 simulates the dependence of QE on the width of the depletion region and its distance from the surface of the detector for both silicon and germanium.
A silicon-based APD is robust, inexpensive, and easy to miniaturize. It can be operated at a lower voltage supply and is compatible with CMOS control circuitry. Although the CCD is the mainstream detector in commercial Raman instruments, APD is also a promising technology for portable and high-speed detection systems. In past decades, tremendous progress has been achieved for APDs through improvements in gain, size of active region, and response time. Commercial APDs are available from a variety of companies, for example, Hamamatsu Corporation, Boston Electronics and OSI Optoelectronics. In academia, a low noise APD with 7.6 nA/mm 2 dark current density, fabricated by CMOS 0.35 µm technology, was reported in 2008 [52] . Another APD with a gain of 569 and 3.2 GHz 3 dB bandwidth under 10.6 V reverse bias was described in 2010 [53] . This APD was the highest gain bandwidth product among the CMOS technology fabricated APDs. The single photon avalanche diode (SPAD) is essentially a PN junction biased slightly above the avalanche breakdown voltage, which is also known as the Geiger mode [54, 55] . In a SPAD, single photon generated free carriers are multiplied by impact ionization in the very high-electric field of the depletion region, which then triggers the self-sustaining avalanche process. A voltage pulse can be obtained from the readout circuits, with the leading edge marking the arrival time of a photon. Owing to its single photon sensitivity, the SPAD always works in the photon counting mode. Similar to other photodetectors, the thermal generated dark count is an important issue for the application of SPADs. The past decade has witnessed the development of SPADs with higher detection efficiency, lower noise level, higher detection rate, and higher fill factor. Low cost SPADs have been realized by using inexpensive mainstream CMOS technology [54, 55] (Figure 7 ). The SPADs can be operated in both the free running mode and time-gated mode, which corresponds to two different types of applications using time-correlated single photon counting (TCSPC) or time-gated measurements. In the free running mode, the SPAD is always biased above its breakdown voltage until it is fired by a photon. In contrast, SPAD in the time-gated mode only performs detection in a predetermined short time window. Photons arriving out of this time window are not detected. One typical application of SPAD is time resolved fluorescence lifetime imaging [56, 57] .
In addition, high speed SPAD has also been tried in time-gated Raman spectroscopy. In [58] , a SPAD gated in 300 ps was used to measure the Raman spectrum of olive oil. In [59] , a SPAD with 1830 Hz dark count rate at 5 V excess voltage was used to detect the Raman signal of mineral willemite, and it was proved to have comparable performance to a streak camera. Although CMOS SPAD has lower QE than CCDs and PMTs, its rapid detection, single photon sensitivity, and its compatibility with CMOS control circuits makes it a promising candidate for future miniaturized Raman spectrometers.
NIR Detectors
To detect the Raman signal in the NIR region (>1 µm), an indium gallium arsenide (InGaAs) detector is commonly used. Because of the lower bandgap, thermal generation is stronger and the InGaAs detectors are usually cooled to liquid nitrogen temperature (77 K) to control the thermally generated dark noise. However, the cut-off wavelength of the QE shifts to short wavelength with deeper cooling, and this is caused by the negative dependence of the bandgap on temperature. Take the FT-Raman spectrometer for example, when using 1064 nm laser for excitation, the maximum Raman shift of InGaAs detector drops from 3600 to 2900 cm −1 when the detector is cooled to 77 K [60] . In addition, the Germanium (Ge) detector is also a mature detector in the NIR region, and it possesses longer cut-off wavelength. Today, both InGaAs and Ge detectors have been used in commercial FT-Raman spectrometers.
Advanced Raman Techniques
Despite the advantages of Raman spectroscopy, using it for environmental detection of chemical contaminants is difficult due to the extremely low limit of detection (LOD) required for this application. The weak Raman spectrum compounds this challenge. To improve LOD and extend its application in the detection of low concentration samples, various techniques have been developed for Raman spectroscopy. The improvement of LOD has been realized in two ways, (1) enhancing the scattering intensity, and (2) reducing background noise. Raman signal has been enhanced by pre-concentrating the contaminants to enhance the Raman scattering signal. Alternatively, the background noise has been reduced by rejection of fluorescence and detector noise using special techniques.
Sample pre-concentration is the most direct strategy to enhance Raman scattering. To date, many pre-concentration techniques have been proposed for both Raman and IR absorption spectroscopy; for example, solid phase micro-extraction (SPME) [26] and isotachophoresis [61] . Microfluidic devices have been used for miniaturized pre-concentration of chemicals and contaminants for rapid and direct chemical analysis [62, 63] . In [64] , PDMS was used with SPME to pre-concentrate organic compounds, and the Raman signal intensity was reported to be increased by more than two orders of magnitude. However, most of the pre-concentration strategies are time consuming and the setups are complex. Alternatively, advanced techniques have been developed and applied in modern Raman instruments to either increase Raman scattering or further suppress the fluorescence background to improve the signal-to-noise ratio. Some of these advanced techniques will be discussed in the following subsections.
Surface Enhanced Raman Spectroscopy (SERS)
Surface enhanced Raman spectroscopy (SERS) is to date the most efficient Raman technique for very low concentration detection. Since its first observation in 1974, SERS has been broadly researched in academia and the number of papers published annually on this topic is growing rapidly. Detailed review of SERS including the fundamentals, active substrates and its application can be found elsewhere [65] [66] [67] . Herein, we will briefly discuss the development of SERS, its instrumentation and application in the detection of low concentration contaminants.
Theory
SERS was first observed on a roughened silver electrode in 1974, and this phenomenon was explained as a consequence of increased surface area [68] . However, later researches attributed this enhancement to the combination of two mechanisms-Electromagnetic (EM) and Charge Transfer (CT) enhancements. When the incident electromagnetic wave interacts with a roughed metal substrate, the excited localized surface plasmons, oscillating perpendicular to the metal surface, can amplify the electromagnetic field near the surface. The field enhancement also amplifies the incident light which according to Equation (4), also enhances the Raman scattering intensity. In addition, in situations where the analyte is chemically bonded on to the surface, electrons can transfer between metal and analyte, which can give rise to additional amplification by chemical enhancement.
In comparison with NRS, the intensity enhancement in SERS was found to be ~10 6 [18] . However, if combined with a Resonance Raman scattering, even higher enhancement can be achieved (10 8 - 10 9 ), and enhancement of up to 10 14 has been obtained [18] . The signal enhancement significantly improves the LOD, and the advent of single molecule SERS in the 1990s has made SERS a promising technique for environmental applications [69, 70] .
SERS Substrate and Fabrication Techniques
Although high enhancement factor can be obtained in SERS, this is dependent on a variety of factors, such as the wavelength, substrate profile, and distance [65] . The greatest enhancement is usually observed for specialized substrate and for molecules absorbed on the surface of the substrate. As a consequence, available SERS substrates, or substrate fabrication techniques, play a dominant role in the performance of SERS. Early SERS substrates were electrochemically roughened electrodes. Today, a metallic nanoparticle has been overwhelmingly used in SERS instruments because of the development in nanofabrication technology, such as electron beam lithography [71] and nanosphere lithography [65] .
Advantages of nanofabrication are the flexibilities to control size, shape and orientation of nanoparticles, which are of great importance to the intensity enhancement. As mentioned in [66] , the wavelength of peak surface plasmon resonance varies with different nanoparticle sizes. Moreover, the type of metal substrates would also affect the enhancement. Silver has been the most commonly used metal for its ability to excite intensive plasmon resonance at visible wavelength, followed by gold [72] and copper. Accordingly, to achieve maximum enhancement for a specific wavelength band, the size of the nanoparticles should be optimized based on the excitation wavelength and available metal substrate.
SERS in Environmental Application
The advantage of SERS in environmental application is the achievable LOD. To be applied in water monitoring, LOD of SERS should be lower than the MCL set by EPA. For example, the MCL for cyanide is 200 ppb and MCL for Arsenic is 10 ppb. Table 5 lists some of the applications of SERS in water contaminant detection. According to the results in Table 5 , ultra-low concentration detection is achievable (~ppb), in particular if combined with microfluidic preconcentration devices [73, 74] . 
Time-Gated Raman Spectroscopy
In addition to enhance the Raman scattering as SERS, the signal-to-noise ratio can also be improved by reducing the noise. Sources of noise in Raman measurement can be either from the detector or from the incoming optical signal. As mentioned in the Raman detectors, thermal generated dark current is the major noise for CCDs and APDs, and the most efficient way to reduce the dark current is to cool the detector during measurement.
With respect to the noise from the incoming photons, the noise can be from both Rayleigh scattering and fluorescence emission. Since Raman scattering and Rayleigh scattering differ in wavelength, so the influence of Rayleigh scattering can be removed by using an optical filter. In contrast, the fluorescence emission band overlaps with the Raman peak for certain excitation wavelengths, which blur the Raman peaks. Overall, reducing background fluorescence and detector noise are of great importance for a high signal-to-noise ratio.
Considering the temporal distribution, Raman scattering is an instantaneous response to the excitation source, while fluorescence is emitted with a temporal distribution characterized by the so called fluorescence lifetime. The fluorescence lifetime varies from hundreds of picoseconds to tenths of nanoseconds depending on the type of samples. Consequently, if a short pulsed excitation source is used, Raman scattering and fluorescence emission can be separated in time domain (Figure 8a ). To realize this separation, the width of the laser pulse should be narrow, usually in the range of hundreds of picoseconds. The repetition rate is selected according to the fluorescence lifetime, which ensures that the fluorescence from the previous cycle is fully emitted and has no contribution to the next cycle. In time-gated Raman spectroscopy, the detection should be synchronized with the excitation source, and only signal overlapping with the excitation source in time domain can be detected, which is known as time-gated detection. Two techniques have been used for time-gated measurement, one of which is to modulate or time-gate the incoming optical signal, such as the introduction of the optical shutter; the other is to modulate the detector by gating the detector only in a predetermined short time window, and to turn off the detector after the time window. Figure 8b shows the time-gated operation of a detector, from which we can see that only photons arriving within the gate window can be detected.
Kerr Gated Raman System
The Kerr gate is the most well-known optical shutter in time-gated Raman spectrometer for its fast response. A Kerr gate with picoseconds (25 ps) response and high repetition rate was proposed as early as the 1970s [89] . Later researches were focused on further reducing the response time. In 1999 [90] , the Kerr gate was firstly introduced to Time Resolved Resonance Raman spectroscopy (TR 3 ) with a response time of about 3 ps. This Kerr gate system consisted of two crossed polarizers, and a Kerr medium was placed between the polarizers. A gating pulse was used to gate on and off the Kerr gate, by varying the polarization orientation of light passing through the Kerr medium. Otherwise, no light could pass the Kerr gate due to the crossed polarizers.
In the Kerr-gate system, if the short gating pulse temporal overlaps with the Raman signal, then the Raman signal would be able to pass the gate with the fluorescence signal being suppressed. This setup has also been used for a variety of applications including plant auto-fluorescence [91] , depth profiling spectra through the prostate gland and the bladder [92] , and depth profiling of calcifications in breast tissue [93] .
Currently, the Kerr gate has become a very popular optical shutter in time-gated Raman detection. However, owing to its fast response, the Kerr gate has been mainly used in time-resolved Raman spectroscopy which aims at analyzing the dynamic response of biological samples. For environmental application, the fast response provided by the Kerr gate is sufficient to perform the function of fluorescence rejection, but the complex setup has limited the Kerr gate to laboratory use.
Fast Time-Gated Raman Systems
In addition to the optical shutter, fast gated detectors have also been employed in Raman spectrometers for fluorescence rejection. The most commonly used detector in the time gated Raman system is the intensified CCD (ICCD). Different from the normal CCD and the EMCCD (electron-multiplying CCD), the ICCD can be operated in the time-gated mode and perform ultra-sensitive detection down to a single photon. In an ICCD, a gain voltage controlled image intensifier tube is positioned in front of the CCD, and incident photons are multiplied inside the intensifier before being focused into a CCD. The gain voltage not only determines the multiplication, but also can gate on and off an ICCD. The ICCD has been used as an alternative technique to the Kerr gate system. Although not as fast as the Kerr gate system, most of the modern ICCDs can achieve hundreds picoseconds gating width, which is adequate for normal Raman spectroscopy [94] [95] [96] .
In addition to the ICCD, other detectors have also been tried in time-gated Raman signal detection system, including the PMTs [97] and the recently developed SPADs [58, 59] . SPAD can be operated in the time-gated mode by simply adjusting the supply voltage. In addition, since a SPAD is operated in the photon counting mode, then time-gated SPADs can reject both the fluorescence and the detector noise. This is because dark counts during the long gate-off time are not detected under the time-gated operation.
Compared with ICCD, SPADs have their own intrinsic gain without requiring external components such as the image intensifier. Thus, the system is more compact and compatible with CMOS control circuits. Size and CMOS compatibility are important for system miniaturization and on-line environmental sensing. In Table 6 , a summary of time-gated Raman systems is presented. We note that a short gate window is achievable for both ICCD and SPAD. 
Portable Raman Spectrometers for Field Applications
For purpose of field applications, a variety of portable Raman spectrometers have been developed in the industry. Comparing with benchtop Raman spectrometers, the portable Raman spectrometers are low cost, light weight, and more compact. Table 7 lists several portable Raman spectrometers and their specifications. These spectrometers can be battery powered with several hours operation time and fast acquisition can be achieved (TruScan RM and NOVA). The 785 nm laser is widely used in these instruments for general purposes of applications, and longer wavelength excitation is also applied when strong fluorescence is present during measurement (Inspector 500 and CBEx™ 1064). These instruments provide wide spectrum range with ~10 cm −1 spectral resolution. They can be used for raw material identification or manufacturing process material validation. 
Conclusions and Future Trends
Access to safe drinking water is an enormous global problem. An important aspect of water safety is related to its harmful chemical content. Therefore, there is need for monitoring systems that track the chemicals in the water. One powerful technique for characterizing the chemical composition of water is Raman spectroscopy. This technique is particularly well-suited for measurements of liquid samples because water is a weak Raman scatterer. However, limited by the lower Raman cross-section and strong fluorescence background, complex, large size and sophisticated instruments are usually required, so many commercial Raman spectrometers are limited to laboratory use. To be used for on-line water monitoring, the Raman spectrometer should be compact, easy to use, fast, and most importantly, the limit of detection (LOD) should meet a certain level, such as the maximum contamination level (MCL) set by the US Environmental Protection Agency (EPA). However, this is hard to achieve for normal Raman spectroscopy, even though modern Raman instruments are equipped with the most advanced spectrographs (spectrum resolution and high throughput) and detectors (above 90% quantum efficiency).
The advent of advanced Raman techniques in past decades has boosted the applications of Raman spectroscopy to water quality monitoring. The signal-to-noise ratio of the Raman spectrum has been improved either by enhancing Raman scattering or by reducing the background noise. The pre-concentration method is the most direct way to increase the intensity of the Raman signal and it was shown to enhance Raman scattering by two orders of magnitude. Further, microfluidic devices and channels have been widely researched for sample preconcentration. The advantages of the microfluidic devices are their compact size and low cost, which offer significant advantages to on-line water quality monitoring.
At present, surface enhanced Raman spectroscopy (SERS) is the most efficient technique to increase the Raman cross-section to enhance Raman scattering. The active substrate plays the dominant role in its enhancement factor, such as the type of noble metals used, particle size and orientation. The development in nanofabrication techniques benefits SERS with more functional activate substrates which facilitate the application of SERS to very low concentration detection. Combining SERS with Resonance Raman spectroscopy can result in more than ten orders of magnitude enhancement of SERS, and some such combined SERS systems have achieved LODs below the MCL. Unfortunately, not all molecules can be SERS active. Although this can be improved by extra processing of the substrate, but more research is needed to make practical systems.
Time-gated Raman detection is an emerging technique well-suited for fluorescence rejection. Because of the different temporal distribution of Raman scattering and fluorescence emission, the fluorescence signal can be suppressed by gating the detection, which then increases the signal-to-noise ratio. Both optical shutter and time-gated detectors have been used in time-gated Raman signal detection. The Kerr gate is the most commonly used optical shutter due to its ultra-fast gating response. This is very useful in time-resolved Raman spectroscopy, in which the dynamic response of samples is analyzed. In the case of on-line environmental applications, the complex setup of the Kerr gate system is not desirable. Although not as fast as the Kerr gate, gated intensified charge coupled devices and single photon avalanche diodes can also achieve a hundreds of picoseconds gating window, and this is adequate for normal Raman spectroscopy. Although time-gated detection is capable of improving the signal-to-noise ratio of the Raman spectrum, it is still lower than that in SERS.
Overall, the most significant issue for Raman spectroscopy in water quality monitoring arises from the detection of the weak Raman signal, in particular when the samples fluoresce. SERS is to date the most efficient Raman technique for water monitoring. The combination with a near infrared excitation source could not only enhance Raman scattering, but also suppress fluorescence emission. To extend the application of SERS, future work needs to be focused on the exploration of more functional activated substrates for the near infrared region. Alternatively, the time-gated detection method also has the potential to provide the fluorescence suppressed Raman spectrum. Compared with SERS, the main issue associated with time-gated detection is the lower signal-to-noise ratio, even if the fluorescence signal is sufficiently suppressed. To improve the LODs of the time-gated Raman system, combination with pre-concentration microfluidic devices could be an effective solution.
